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TO THE EDITOR
Although the molecular controls that
drive murine hair follicle (HF) initiation,
morphogenesis, cycling, and wave pat-
tern formation are becoming increas-
ingly well defined (Schneider et al.,
2009; Geyfman and Andersen, 2010;
Plikus et al., 2011; Plikus, 2012; Supple-
mentary Reference S13 online), much
less is known about the regulation of
human HF cycling (Paus and Cotsarelis,
1999; Supplementary Reference S1
online). Although several growth factors,
cytokines, and peptides are recognized
to prolong or inhibit active hair growth
(anagen) in organ-cultured human scalp
HFs and their transformation into the
regression stage (catagen) in vitro (e.g.,
Schneider et al., 2009; Supplementary
References S4, S6, and S14 online), the
molecular determinants of the endo-
genous human ‘‘hair cycle clock’’
remain to be deciphered (Supplemen-
tary Reference S1 online).
It is well established that both WNT/
b-catenin and EDA-A1/EDAR/NF-kB sig-
naling are critical signaling pathways
that mutually interact to drive murine
primary HF development (Fuchs, 2007;
Zhang et al., 2008, 2009; Schneider
et al., 2009; Lefebvre et al., 2012).
Given that HF morphogenesis and
anagen induction share multiple
characteristics (morphology, signaling)
(Schneider et al., 2009), we hypothe-
sized that the transcription factor NF-kB
also regulates adult human hair growth.
The putative involvement of EDA-A1/
EDAR/NF-kB signaling in human hair
growth is supported by the severe hair
growth abnormalities associated with
defects in the EDA-A1/EDAR/NF-kB
pathway that lead to hypohydrotic ecto-
dermal dysplasia (Monreal et al., 1999;
Supplementary Reference S19 online).
Hypohydrotic ectodermal dysplasia
patients display severely impaired hair
growth, suggesting that murine primary
guard hairs and human scalp hair may
be analogous. Moreover, key hair growth
regulators such as tumor necrosis factor-
a and IL-1b signal via NF-kB (Ghosh
and Hayden, 2012; Pasparakis, 2012)
and selected human HF keratin genes
are NF-kB responsive (Supplementary
References S5 and S10 online). Finally,
NF-kB signaling has also been
implicated in the formation of HF-
derived tumors such as cylindroma,
trichoepithelioma, and spiradenoma
(Supplementary References S11 and
S22 online).
A previous study has suggested that
there may be NF-kB activity in human
HFs (Supplementary Reference S21
online); however, signal specificity,
exact localization, and functional sig-
nificance of NF-kB activity in the
human hair cycle all remain unknown.
In the current pilot study, we analyzed
the possible role for NF-kB in the
human HF anagen–catagen transition,
as this represents the clinically most
relevant HF transformation (shortening
of anagen and premature catagen induc-
tion underlies most hair loss disorders
seen in clinical practice) (Paus and
Cotsarelis, 1999; Schneider et al., 2009).
First, intact human anagen HFs were
examined for the presence of the active
nuclear form of NF-kB p65 by using
anti-phosho-p65 and anti-p65 antibo-
dies (see Supplementary Material online
and figures legends for details; Hayden
and Ghosh, 2008; Ghosh and Hayden,
2012). Specific nuclear phospho-p65
immunoreactivity (IR) was observed in
the proximal hair bulb epithelium in
female scalp skin, most prominently in
hair matrix keratinocytes of anagen HFs
(Figure 1a, c, and g and Supplementary
Figure S2b, c, f, g online). In addition,
some proliferating (Ki-67þ ) hair matrix
keratinocytes were positive for phospho-
p65 (Figure 1h). Interestingly, phospho-
p65 IR was also observed in the
bulge, the site of HF epithelial stem
cells, albeit at a significantly lower level
than in the anagen matrix (Figure 1b, e,
and g).
In catagen HFs and in the secondary
hair germ epithelium of catagen HFs,
phospho-p65 IR was clearly reduced
compared with anagen HFs (Figure 1d–
g). As in unstimulated cultured human
dermal papilla fibroblasts in situ dermal
paiplla fibroblasts in situ, human HF,
human HF mesenchyme did not show
substantial phospho-p65 IR (Figure 1a–f
and h) (Hill et al., 2012). In line with
this, mRNA transcripts of the canonical
NF-kB inhibitor IkBa were detected
predominantly in the HF matrix, in the
lower inner root sheath, and to a lesser
degree in the precortical region, but not
in the HF mesenchyme (Figure 1i and j).
In the absence of classical canonical
NF-kB signals such as TNF family mem-
bers, IkBa is required to sequester NF-
kB subunits p50 and p65 in the cyto-
plasm (Supplementary Figure S1 online;
Hayden and Ghosh, 2008; Hinz et al.,
2012). Note that IkBa is a bona fide
target gene of canonical NF-kB signaling,
which results in a negative feedback
loop (Supplementary Reference S8
Online). These results reveal that
human anagen scalp HFs show promi-
nent NF-kB activity in the rapidly prolife-
rating hair matrix epithelium, indicating
that NF-kB activity may be required for
anagen maintenance.
Furthermore, the expression pattern of
previously identified NF-kB target genes,
WNT10a, WNT10b, DKK4, SHH
(Zhang et al., 2009; Supplementary
Reference S17 online), and several
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key genes implicated in the control of
the anagen–catagen transformation
(Supplementary Figure S2a online) were
also analyzed. Indeed, WNT10a,
WNT10b, DKK4, and SHH mRNA
expression colocalized with IkBa
expression in the hair matrix and
lower inner root sheath (Figure 1k–r).
Moreover, human EDAR mRNA was
observed at the same sites of NF-kB
activity (Figure 1s and t). This suggests
that in human HFs, similarly to murine
HFs (Zhang et al., 2009), NF-kB may be
regulated by EDA-A1/EDAR signaling
and may be required to fine-tune
canonical WNT signaling in the main
proliferation compartment.
As small interfering RNA (siRNA)
silencing of IKK (IkB kinase) complex
component IKKb was not successful, we
modulated NF-kB activity by adding
two classical pharmacological NF-kB
inhibitors, BAY 11-7082 (BAY) and
NEMO (NBD) (Supplementary Refer-
ence S12 online) to organ-cultured
human scalp HFs and analyzed their
influence on the anagen–catagen transi-
tion. Of great importance is that the BAY
concentration tested was inversely
related to the phospho-p65 IR, showing
successful inhibition of NF-kB activity.
This inhibition promoted apoptosis-dri-
ven catagen development in human
anagen HFs, when compared with
untreated HFs (Figure 2a and b). This
observation was supported by a signifi-
cant increase in apoptotic hair matrix
keratinocytes and reduced hair shaft
production in BAY-treated HFs
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Figure 1. Expression of phospho-p65 in human anagen/catagen hair follicles and mRNA expression patterns of NF-jB target genes in human anagen hair
follicles. Nuclear phospho-p65 IR is observed in human anagen (a–c) and catagen (d–f) hair follicles. Specific nuclear phospho-p65 IR is shown in brown, scale
bars¼50mm (a–f). Strongest phospho-p65 immunoreactivity (IR) is observed in anagen bulbs (a, c, g). Phospho-p65 IR is also detected in the bulge zone of anagen
and catagen HFs, but at a much lower intensity (a, b, d, e, g). Quantification of IR experiments (g), mean±SEM, ***Po0.001 nbiopsies¼ 7–32, derived from five
different female patients, using Image J for analysis and immunofluorescent-stained slides for phospho-p65 IR. Reference areas: black rectangles for bulges,
freehand selection circles for matrix keratinocytes (anagen HFs) and secondary hair germ (catagen HFs). Some Ki-67þ keratinocytes in the human anagen hair
matrix also show anti-phospho-p65 IR. Yellow boxes indicate Ki-67/ phospho-p65 double-positive cells (h). In situ hybridization (ISH) on longitudinal human skin
sections, using digoxigenin (DIG)-labeled antisense ribo-probes for IkBa, WNT10b, WNT10a, DKK4, SHH, and EDAR (i–t). As expected, the expression pattern of
IkBa (i, j), WNT10b (k, l), WNT10a (m, n), DKK4 (o, p), SHH (q, r), and EDAR (s, t) mRNAs is largely identical, and is mainly observed in the matrix and in part of
the inner root sheath (arrows). Sense probes for WNT10b, WNT10a, DKK4, SHH, and EDAR were used as negative controls (lower panels l, n, p, r, t). Owing to
very high unspecific background staining, ISH with sense IkBa is not depicted. APM, arrector pili muscle; as, antisense; CH, club hair; DP, dermal papilla; ES,
epithelial strand; HS, hair shaft; IR, immunoreactivity; MK, matrix keratinocyte; ORS, outer root sheath; s, sense; SG, sebaceous gland; SHG, secondary hair germ.
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(Figure 2c and d). (Although the other
tested NF-kB inhibitor, NEMO, also
slightly increased the percentage of
catagen HFs compared with vehicle
controls, excessive toxicity of NEMO
prevented the generation of biologically
meaningful data (data not shown).)
Here, we have analyzed NF-kB activity
(respectively anti-phospho-p65 IR)
present in human HFs at different stages
of the hair cycle. Since investigating
selective activation of NF-kB is not
possible in human HFs with the cur-
rently available tools, it still remains
unknown which signal activates NF-kB
in mature human HFs.
Taken together, the current pilot study
suggests a functional importance of NF-
kB in maintaining the anagen phase of
human HFs. Therefore, targeting intra-
follicular NF-kB activity deserves
exploration as a potential new strategy
to therapeutically promote or inhibit
human hair growth in vivo.
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Figure 2. Catagen promotion by the NF-jB inhibitor BAY. Nuclear phospho-p65 immunoreactivity was
inversely related to the BAY concentration tested (n¼ 6–45 hair follicles (HFs) per group pooled from 1–3
patients) (a). Increasing concentrations of the NF-kB inhibitor BAY promoted catagen development in
human anagen HFs (n¼18–41 HFs per group pooled from 1–3 patients) (b). Hair shaft elongation was
significantly reduced over the culture period (n¼ 18–42 HFs per group pooled from 1–3 patients) (c). In
total, 50mM BAY showed a significantly higher percentage of apoptotic hair matrix keratinocytes compared
with the 20mM dose of BAY and compared with the vehicle group (n¼ 6–46 HFs per group pooled from
1–3 patients) (d). IR, immunoreactivity; mean±SEM; all statistical analyses were performed by using the
Kruskal–Wallis test, Dunn’s comparison, *Po0.05, **Po0.01, ***Po0.001.
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